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Chapter 5 
CHAPTER 5 THE IMPLEMENTATION AND VERIFICATION OF PROPOSED
BEHAVIOURAL FEATURES.
The validation cases analysed have demonstrated that the buildingEXODUS model has 
an impressive flexibility in representing evacuation conditions. It is able to simulate a 
variety of conditions, reflecting the changing circumstances of the occupant population 
at an individual level. These conditions include low and high population densities, 
motivated and placid populations, complex and simple geometries and different 
knowledge levels amongst the occupant population. It has also been shown to be 
sensitive to the provision of new data. This is important as it allows crude preparatory 
representations to be made utilising reduced data-sets. Under these conditions it is 
incumbent upon the engineer to detail the inadequacies of the data-set and the 
subsequent results.
Most striking is the quantitative accuracy of the model, which suggests that in the 
examples investigated that the model was capable of simulating the events relatively 
accurately. However, this may not be the case in more complicated scenarios such as 
those exhibited in the Beverly Hills Supper Club incident [52], the Summerland incident 
[53] or the World Trade Centre evacuation [106]. During these events sophisticated and 
localised occupant responses were evident.
In comparison with the other models examined in Chapter 3 the buildingEXODUS 
behavioural model provides an array of features. However, when this capability is 
compared to the detailed analysis in Chapter 2, a number of deficiencies are evident.
It is not suggested that the buildingEXODUS model is in any way unique within 
evacuation modelling. Indeed, the model shares several underlying features with a 
number of other models [8], such as a nodal network, a distance mapping system and an 
individually described occupant population. The proposed behavioural developments 
would therefore equally benefit a variety of the existing evacuation models. Obviously 
implementational details may differ between models, but the principles on which the 
algorithms are based and the functionality that they provide would extend the capability 
of nearly all of the models examined.
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The buildingEXODUS model is seen as a useful arena in which to test the proposed
developments. By doing so it enables the behaviour to be assimilated into a pre-existing 
framework that has a comprehensive physical model as well as the basis for a 
sophisticated behavioural model. The fact that a significant proportion of the model 
already exists allows a greater degree of concentration upon the proposed behavioural 
developments. The validation process detailed in Chapter 4 enables a greater degree of 
confidence in the existing components of the behavioural model.
The process of implementation is invaluable for a more detailed understanding of the 
proposed algorithms themselves as well as forcing a systematic analysis of the influences 
to which they are susceptible and the consequences of their implementation upon other 
aspects of the evacuation model.
In the following sections the proposed behavioural developments are outlined. The 
features will be grouped according to their sophistication and the dependence of other 
features upon them.
These developments are the culmination of the analysis of the available literature 
concerning expected occupant behaviour. The algorithms developed are original work. 
Where they have been influenced by other researchers this has been acknowledged and 
referenced. The algorithms have been developed independently of any computational 
framework. Their implementation has attempted to faithfully represent these algorithms. 
Where compromises have been made they are acknowledged and explained. They have 
also been shaped by the general requirements suggested through the analysis of currently 
available evacuation models as well as the specific requirements of the 
buildingEXODUS model.
The nature of the proposed behaviour is dependent to a large degree upon the existence 
and the availability of relevant data. As identified previously, the field of evacuation 
modelling is a relatively new field that is starved of data. However, this absence of 
empirical data should not prevent the generation and testing of modelling techniques in 
readiness for the eventual provision of supporting data. It does mean that the techniques 
produced in the absence of a detailed data-set are based on more anecdotal evidence and 
are far more difficult to verify. The concepts being addressed still need preliminary
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analysis, concerning the coherence and consistency of the resultant behaviour. In these
examples, the concept of the inclusion of such a behaviour representation within the 
overall evacuation model is demonstrated, in addition to a comparison against the 
evidence that is available. Where the evidence is available, a conceptual demonstration is 
still conducted, although this is accompanied by detailed verification.
Chapter 5 describes a number of the less complex proposed features. This section 
describes those features that are unable to be verified in isolation. These tend to be 
internal occupant attributes or simplistic occupant capabilities. As such only a brief 
description is made, which is expanded upon in later sections, where they are examined 
in conjunction with other behavioural factors.
In Chapter 6-8, the analysis of more complex proposed behavioural implementations will 
be produced, being described in separate sections, each comprising of a number of 
component subsections. The proposed behavioural features are addressed individually 
for a number of reasons. Firstly, the complexity of the behavioural developments 
warrants detailed analysis. This would be difficult if the behavioural implementations 
were collected together. Secondly, it would be impossible to compare either the accuracy 
of the proposed behaviours or the success of their integration into the buildingEXODUS 
model, if they were combined prior to their implementation. It would also be a much 
simpler task to camouflage any shortcomings in the details of the developments. 
Although a piecemeal solution, the proposed behaviours are subject to greater scrutiny in 
isolation. Ideally, these behavioural implementations will be combined into a single 
behavioural engine. This is outlined in Chapter 10.
In Chapter 6, the interaction of the occupant with a number of external features is 
examined. These features represent a more sophistication perception of information by 
the occupant and an ability to internalise and react to this information. In Chapter 7, the 
dynamic response to the external conditions are examined, crediting the occupant with 
experiential processes that are not simply based on stimulus-response actions [8]. Instead 
they are sensitive to the surrounding environment, according to the identity, history and 
location of the individual concerned. Finally, in Chapter 8, the occupant is seen as a 
decision-making engine that organises and engineers their response to the environmental
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conditions according to analysis and estimation, as well as to the provision of new
information.
In Chapter 6-8, the expected occupant behaviour addressed is initially described. 
Although previously the general principles of the new behaviour will have been 
addressed in Chapter 2, a more specialised description of the behaviour and any relevant 
new evidence will be included.
The ability of the present buildingEXODUS model to represent this behaviour is then 
described, identifying any shortfalls in this representation. This is to allow for a clearer 
comparison of the proposed developments, describing in detail the shell in which the 
proposed behaviour will be examined and the possible restrictions that the 
buildingEXODUS model provides for the proposed algorithm.
The proposed method of representation is then described in some detail. This includes 
the principles and assumptions on which the behaviour is based and the actual form of 
the algorithm incorporated.
This proposed algorithm, the assumptions on which it is based and the manner in which 
it will be incorporated into the buildingEXODUS model is then described. This 
effectively uses the buildingEXODUS model as a shell, which can examine the 
mathematical implementation of sociological and psychological principles. Most 
importantly, the proposed behaviour is then 'verified' using this shell.
A number of other behavioural models exist [8]. These may be based on experimental or 
field-work that have then lead to theoretical models. These models are rarely, if ever, 
verified, through their application. Of fundamental importance then, given the extraction 
of the behavioural features from the appropriate literature in Chapter 2 and the 
development of a behavioural model, is the ability to apply them and identify their 
strengths and weaknesses.
If actual data is available this will be used in the verification process. The sophistication 
and extent of this process is therefore dependent upon the evidence available. 
Irrespective of this availability the purpose of this process is to:-
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- Demonstrate that the proposed behaviour performs the tasks described
- Rule out the occurrence and existence of anomalies due to the introduction of the 
proposed behaviour
- If possible compare the proposed behaviour against available evidence, including 
real-life evidence, experimental evidence, trail-run experiment, anecdotal evidence 
and finally evidence extracted from other fields of knowledge.
- Compare and contrast the findings with the present buildingEXODUS behavioural 
model, allowing the nature of the development demonstrated clearing.
Once these tasks have been performed it is possible to determine whether the proposed 
behaviour provides a quantitative and qualitative advantage over the present 
representation.
The absence of quality data-sets against which to compare the behavioural developments 
has forced the process from a one of validation to one of verification. Although a weaker 
analysis of the proposed features, it still provides evidence and insight into either their 
future development or adoption.
None of the behavioural features described will be without difficulties. The nature and 
complexity of the algorithms prohibits this. Any potential weaknesses in the proposed 
behaviour will suggest a number of future developments, which may again be addressed 
in some detail.
Finally, each section is concluded, describing the overall accomplishments of the 
proposed behaviour.
5.1 OCCUPANT ATTRIBUTES AND INTERNAL DEVELOPMENTS
This initial section describes those features that cannot be tested directly. These features,
whether they are new occupant attributes or other considerations, can therefore only be 
demonstrated in conjunction with other more complex behaviours that have a 
qualitative/quantitative impact upon the evacuation results. These are 'enabling' 
features. They are essential building blocks upon which the other more complex 
behaviours described in Chapter 6-8 are dependent.
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These attributes will therefore be described briefly and less formally in this section, as
their uses and the assumptions on which they are based will be more thoroughly
examined in context with the more complex behavioural features described in Chapters
6-8.
5.2 THE REPRESENTATION OF SOCIAL RELATIONSHIPS
The existence of social structures and the occupant's position within these structures has,
in the past two decades, been identified as having a significant impact upon the actions
adopted by individual occupants [58,60]. These structures not only determine the
adoption of specific roles [52,58,60], but will influence the choice of action, the
occurrence of collective behaviour and the level of communication between occupants
[1].
The relationships formed need not be static and will be dependent upon the social 
dependencies that the occupant brings to the event, as well as those that might emerge 
during the event [1,52,58]. The effect of representing the social structures within an 
evacuation in conjunction with the occupant's behavioural reaction is addressed in 
Chapter 9.
At present no means of representing the different roles and relationships that exist within 
the occupant population is available within the buildingEXODUS model [5-7,21-27]. 
Occupants are seen as isolated physical entities that, although are represented by 
complex physical processes, are not social beings. The introduction of an index to 
associate occupants is an attempt to remedy this omission.
In the proposed implementation of a social identity within buildingEXODUS, prior to 
the beginning of the simulation, the user has the option of attributing an occupant with a 
relational index, termed a gene. This represents the relationship between an occupant and 
those occupants who share an identical gene (and conversely also establishes the 
relationship that the occupant has with those occupants who do not share the same gene). 
Alternatively this can be randomly generated by an automatic mechanism, that allocates 
the population with an index derived from a finite set of integers.
The gene is represented by an integer. Those occupants that share a common gene are 
deemed to be in a social relationship.
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Once the required occupant relationships have been accounted for, the model examines 
the occupant population to form social groupings. It does this by scanning the entire 
population and attributing each occupant with a list of the population members who have 
the same gene, thereby creating a list of occupants who are considered socially 
significant.
This information is assumed to be available to the occupant prior to entering the 
evacuation; therefore the occupant is aware of significant social relationships prior to any 
evacuation incident. This provides the occupant with a means of differentiating between 
the general population, with whom the occupant is making a new acquaintance and those 
with which a prior relationship has been established (be they familial, social, economic 
or otherwise).
This list is dynamic, therefore allowing occupants to be added/removed from the list 
according to a change in their circumstances. This may include the significance of an 
occupant increasing during an evacuation due to constant 'companionship' or difficult 
circumstances [58,163]. This ability is addressed in detail in Chapter 8.
The existence of an index that identifies the relationship between occupants forms the 
basis from which a more complex behavioural system can be developed. It allows the 
existence of a relationship to promote/prevent the performance of particular actions and 
therefore becomes a factor in the outcome of the evacuation; a factor highlighted in 
Chapter 8.
Although this system functions adequately, the flexibility of this system may be 
increased in two ways. Firstly, an occupant may be attributed with numerous genes. This 
would allow a number of social relationships to exist [1,52,58,163] reflecting the 
numerous social groupings that could exist in large geometries (see Figure 5-1).
This may represent an occupant who is accompanied by their family, a group of friends 
and a number of strangers.
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FIGURE 5-1: MULTI LAYERED ASSOCIATION. AN OCCUPANT MAY BE A MEMBER OF MORE THAN ONE
SOCIAL GROUP. THE VECTORS ASSOCIATED WITH EACH OCCUPANT IDENTIFIES THE EXTENT OF THEIR
MEMBERSHIP TO A GROUP (1.0 SIGNIFYING STRONG RELATIONSHIP, 0.0 NO RELATIONSHIP).
Secondly, a figure may be defined that represents the strength of association between 
occupants. This would be particularly important if the occupant could be attributed with 
more than one gene, allowing a level priority to be ascribed (see Figure 5-1).
Similar to the 'association index' seen in fuzzy logic, this ability would represent the 
extent with which the occupant was associated with a particular social grouping. This 
would enhance the previous feature allowing certain social groupings to dominate others, 
e.g. family ties might be considered stronger than ones created in the work place. 
5.3 THE AUTHORITY OF OCCUPANTS
Once an attempt has been made to represent social affiliation, such as that in Section 5.2, 
the next logical step is to represent the hierarchical structure within particular social 
entities. These structures influence the behaviour exhibited and the roles adopted once an 
occupant of significance, or indeed a member of the general public has been encountered 
[52,58,97,163], A representation of the occupant's status within the social group is 
required to determine their position. As Hollander comments,
"Status refers to the placement of an individual along a dimension, or in a hierarchy,
according to some criterion of value" [198]
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Once an occupant is encountered, their perception according to their social authority will
not only impact upon the priority given to any communication but the likelihood of that 
information being acted upon. Numerous examples of this were examined in Chapter 2, 
including the Beverly Hills Supper Club and King's Cross incidents, where the perceived 
authority of individual occupants significantly influenced the interpretation of the 
information imparted [52,58,97].
These social hierarchies are not accounted for in the present buildingEXODUS model, 
due to its inability to account for any social factors or their influences upon occupant 
behaviour [5-7,21-27]. A static motivational index exists that represents the ability to 
occupy contested floor-space. However this does not represent the sociological 
importance of the occupants to each other as well as their position within a hierarchical 
social structure.
A seniority index has been devised to represent the authority with which a particular 
occupant may be associated and therefore the relative position of the occupant within 
their particular social grouping. In this formulation, the occupant's social position is 
dependent upon a number of existing occupant attributes. These are
- The occupant's age, (at )
- The occupant's gender (gi)
- The occupant's motivation (represented within the buildingEXODUS model through 
occupant's initial drive, Di)
- The occupant' s patience(pi).
These are crudely categorised according to the influence they have upon an occupant's 
authority. For instance, in Western societies, an adult male who is highly motivated is 
generally seen as having a higher level of authority than a young female, irrespective of 
her motivation . This is represented by equation (43)
i = aai + pgi + xD{ + Spt (43)
where #,/?, % and 8 are coefficients determining the importance of the factors 
highlighted. These coefficients have been analysed and designed to reflect the influence 
of the factors in equation (44) such that
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a> > %>8 (44)
The values attached to these coefficients purely reflect the relationship defined above 
and have no intrinsic value in themselves.
In this definition of social authority the default characteristics are male occupants being 
more authoritative than female, adult occupants being more authoritative than the young 
or elderly, the impatient being more authoritative than the patient, and highly motivated 
occupants being more authoritative than unmotivated occupants [52]. These categories 
are taken from the work of Stagdill, Rectan and Shaw and Berg and Bass [198] each of 
whom analysed the factors that influenced authority and seniority. The coefficients 
within the formulation reflect this prioritisation.
This calculation produces a dimensionless value that allows comparison between 
occupants as to who is the most senior. This is particularly important in the 
communication process. It is acknowledged that the assumption that these factors are 
additive is arbitrary. However, more sophisticated data is required for a more realistic 
representation of this phenomena.
Bales developed a similar system based on the ability of people to influence those around 
them. This was formulated in equation (45) such that
e+: x  xlOO (45)
e +. +e -. E +
where e represents individual communication activity, E the group communication 
activity, + that the information was adopted, - that the information was rejected, a hat ("") 
represents that information was incoming and an absence of the hat represents outgoing 
information[199]. The equation therefore provided a ratio relating the individual 
communication activity to the group activity, based on the perceived communication 
levels of the individual.
Of course the user has the ability to override any automated calculation, enabling the 
description of female staff members, for instance, who would be perceived to be 
influential irrespective of the social norm.
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Some fuzziness is maintained within the system to allow for variation and unusual or 
exceptional circumstances. Therefore irrespective of the factors highlighted above, it 
would be most unlikely that two occupants would have identical seniority levels, due to 
the noise within the system.
The crudeness of this system identifies both a weakness and a potential strength that may 
be addressed in future work. An obvious weakness is the arbitrary nature of the scale and 
the categories. Obviously, this may differ between and within social groupings according 
to the nature of the structure. Therefore in the future, social modules may be defined to 
represent the nature of the social environment and possible large-scale cultural 
differences (see Figure 5-2). For instance, in matriarchal societies, or in more structured 
societies, such as Japan.
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FIGURE 5-2: IMPACT OF THE INTRODUCTION OF DISTINCT SOCIAL HIERARCHY MODULES. 
One idea to achieve this is to use this system in concert with pre-defined GENES (see 
Section 5.2) that would trigger different modules into action. A pre- defined gene could 
therefore not only identify the existence of a relationship between a set of occupants, but 
may also denote the 'cultural reference' to which the association is made (e.g. a family 
group exists and the family is Middle-Eastern).
Another enhancement that might improve the representation of the authority of the 
occupant is for the occupant's authority to evolve during the simulation. It would 
therefore be able to alter dynamically according to the occupant's character prior to the 
evacuation and it's development during the evacuation.
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5.4 LINE OF SIGHT CALCULATIONS
The awareness of the occupant of their immediate surroundings is a vital component in 
their wayfinding capability [200,201]. It determines the occupant's ability to perceive 
information and therefore to adapt their behaviour accordingly. This will be affected by 
their position within the enclosure, the environmental conditions, the sensorial and 
cognitive capabilities of the occupants and the existence of available data sources [ 
200,201,202].
The ability of the occupant to receive information according to visual access allows the 
transfer of information between the environment and the occupant population to be 
simulated. This provides a more accurate means upon which the simulated occupant can 
base their decision, instead of using globally defined information transfers or strictly 
local definitions. This form of system might then be used by the occupant in an array of 
analytical decisions for which the provision of information is essential.
At present in the buildingEXODUS model, the occupant is aware of the immediate 
surroundings. This is defined as the location occupied and those nodes connected to this 
present location. To some extent the occupant may also be said to be aware of the 
availability of the nearest exit as the occupant is able to determine whether the exit 
becomes unavailable. However, due to the rudimentary nature of the present 
representation of occupant familiarity, this may allow the occupant access to 
inappropriate levels of information.
A more accurate method of describing the possibility of receiving information would 
have to take into account the potential obstacles that exist within the occupant's 
immediate environment. To represent the ability of occupants to receive information 
visually, they are provided with 'line-of-sight' information concerning neighbouring 
exits or nodal positions. This is initially quite a simplistic system as a realistic 'line-of- 
sight' system, based around three-dimensional calculations, would be computationally 
expensive and complex to implement. To determine the potential impact of such a 
system, this rudimentary first step is produced.
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The form of calculation proposed is two dimensional, relying upon the geometry used in
the buildingEXODUS model rather than requiring specialised material. A more detailed 
three dimensional system would require a paradigm shift in the methods used in the 
buildingEXODUS model. This would possibly involve a movement towards virtual 
reality technology, which is at present used as a post-processor graphical interface (see 
Figure 5-3). Just as this assists the engineer to visualise the occupant movements, so it 
may enable the detailed data structures required for three-dimensional visual access 
calculations to be made.
FIGURE 5-3: PROTOTYPE VR INTERFACE OF BUILDINGEXODUS.
Initially, the system implemented was based upon exit usage. This rested on the 
assumption that the occupant's attention would be centred around the target destination. 
This was achieved through grouping the exits according to which of them could be seen 
simultaneously. Therefore, if information became available concerning a particular exit, 
those exits that shared an identifying marker would also be visible and could be 
interrogated for information to a similar degree. The flaw with this system was that in 
large or complex systems, occupants might become aware of information that in reality 
would have been denied them due to geometrical obstructions.
A more refined system has been conceived to overcome these problems. A nodal-based 
representation is centred on the exact vantage-point of the occupant. This was the most 
refined means by which the occupant locations could be identified in the present 
incarnation of the buildingEXODUS model. Aligning visual connectivity to the
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buildingEXODUS nodal system restricts the accuracy of the system to 0.5m units.
Obviously, the inclusion of this method is a significant improvement over the present 
representation. The system can be further improved once the buildingEXODUS nodal 
system is further refined.
Nodes are attributed with several indices, denoting their visual connectivity. These 
indices represent the visibility from and of that location. If two separate nodes share an 
identical index, then each node may receive visual information from the other; they are 
deemed to be Each node has the capacity of storing three identifying 
indices enabling complex visual patterns to be constructed (see Figure 5-4). Ideally no 
limit would be enforced on the complexity of these patterns, therefore removing any 
potential restrictions.
These indices are represented by an integer that may take the value of any positive 
integer. No boundary exists upon the number of regions generated, other than any limit 
imposed by the technology used.
Node Dialog
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FIGURE 5-4: DIALOGUE BOX IN PROPOSED BUILDINGEXODUS MODEL DEFINING INDIVIDUAL NODES.
This nodal definition includes exits as well as any other type of node. The distance 
between the two locations is only a factor in the visual perception of the occupant, if the 
environmental conditions are such that they limit the visual capability of the occupant 
[9]. Under these situations, the visual capacity of the occupant is dependent upon the 
environmental impact as well as their vantage-point. Another factor that may impact 
upon the ability of the occupant to gain visual access, is the location of other occupants
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on adjacent nodes. In this crude representation, if either of the occupants involved in the
calculation are completely surrounded by other occupants, then no visual access is 
achieved. This is described in greater detail in Chapter 8. Otherwise if two nodal 
positions have the same identifying index then an occupant located on one of these 
positions will have visual access to all of the information available.
This method requires the user to define the visual access, through grouping together 
nodes as shown in Figure 5-5. This requires a greater degree of user interaction with the 
model. It might also require an extended understanding by the user of both the model and 
the environment simulated. In this version of the algorithm, it is the user's responsibility 
to impose the visual access upon the geometry. This should reflect any potential 
obstacles within the geometry.
The system has been designed so that the user does not have to include the entire 
geometry in these calculations. It is possible to only include limited area of visual access, 
at which points the occupant utilises the algorithm defined previously (that is only a 
select number of nodes are attributed with a nodal gene). Elsewhere the behavioural 
model functions normally with the line-of-sight system automatically becoming 
redundant. This occurs once an occupant is situated on a nodal location that is not 
attributed with a identifying index.
This type of definition allows a number of distinct pieces of information to be transferred 
to an occupant located on a node calculated as being visually connected. This includes
- the population density at the interrogated node
- the environmental conditions
- the actions of occupants located on the visible nodes.
This allows the method to be used in a greater variety of behavioural scenarios, such as 
queuing, adaptive wayfinding and communication (see Chapter 8).
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FIGURE 5-5: THE PROVISION OF VISIBLE ACCESSIBILITY. THE NODES GROUPED TOGETHER ARE 
ASSUMED TO HAVE VISUAL ACCESSIBILITY. THE OVERLAP PING AREA HAS ACCESS TO THE ENTIRE
GEOMETRY.
The disadvantage of this system is that it is relatively computationally expensive, 
although given the developments in recent technology this should not necessarily 
prohibit its use. This is due to the behavioural features that this method enables rather 
than any detailed calculations made concerning the proposed behaviour itself. The main 
criticism is therefore that it is the foundation of so many other behavioural features. This 
method is also relatively time-consuming to configure, especially in large or complex 
geometries. The automation of this algorithm is left for future work.
5.5 CROWD ANALYSIS AROUND EXITS
In the present building regulations, occupants are assumed to evacuate according to their 
proximity to an exit (of which they are assumed to be aware) [1,203]. In a number of 
actual evacuations, occupants have been seen to analyse the situation according to the 
information available to them [1,52,53]. In reality, occupants are constantly adjusting 
their actions according to conscious or subconscious calculations. One of the most 
important external factors is the congestion perceived around potential exits. This will 
influence the occupant's adoption of an exit as a potential escape route.
There is a logical difficulty with the regulations as they implicitly adhere to the idea that 
crowd formations affect the occupant's egress in a physical sense, through attempting to 
minimise individual exit use [1,203]. However, the regulations ignore the psychological 
impact that these crowd formations can have upon the occupant decision making 
procedure [1,203].
In attempting to represent sensitivity to the existence of a crowd within the 
buildingEXODUS model, it is apparent that no means presently exists either to represent
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the size of a crowd as a defined unit around an exit, or for an occupant to interrogate a
crowd's behaviour [24].
Imperative to a number of behavioural features including occupant redirective behaviour 
(see Chapter 8) is the ability of the occupant to receive information concerning the status 
of the occupant environment enabling estimations to occur [1,9,52,53,58]. Specifically, 
the ability of the occupant population to estimate the time it will take a high-density 
population surrounding an exit to pass through the exit. This will have an important 
affect upon exit selection. Given that the occupant is able to see the developments 
around an exit, their future behaviour may be affected upon their ability to calculate 
when specific exits become available [1,52].
A factor vital to the success of this feature is that the calculation conducted by the 
occupants should contain a degree of The occupant will not have time for 
arithmetic or accurate determinations concerning the movement of the exit populations 
but will instead base their calculations upon estimates and approximations, probably at a 
subconscious level.
The representation of such behaviour is achieved in a number of stages. Firstly, the 
crowd involved in the congestion around the exit is defined as those occupants who 
desire to leave via a particular exit and are within 
The algorithm only includes those occupants who are heading towards the exit in 
question. If an occupant is within an arbitrary distance threshold of 5m of the exit and is 
heading towards the exit in question, he is included in the calculation. This therefore 
excludes transient occupants who just happen to be within the perimeter of the crowd, 
but are in fact moving on towards another target and will not significantly effect the 
evaporation time. This also resolves the potential confusion that the algorithm may be 
subject to due to several exits being in close proximity.
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FIGURE 5-6: ESTIMATION CROWD DISPERSION TIME =Y / (x * z)
Once this calculation has taken place, the estimation of how quickly the crowd will 
disperse can be made. This is largely based upon the size of the crowd (see Figure 5-6). 
It is assumed that the occupant is aware of the exit and its approximate width (as he is 
familiar with the exit), and can therefore make a rough estimate of the clearing time of 
the occupant population based on these factors, as well as the size of the crowd. It is not 
suggested that the occupants perform this task in this manner. In reality, this 
probably occurs at a more subconscious level.
The simulated task is enabled by the use of existing flow rates (HMSO [185] , Fruin 
[66], Hankin [156] etc.) and a combination of these rates to afford the occupant with a 
crude estimate of the queue time. The rates are used simply, because they are 
rates and they are defined and implemented within the buildingEXODUS model. This 
provides a rough estimate for the occupants as to flow rates achievable given the 
conditions. Again, this is purely an internal mechanism for the occupant to perform the 
calculations rather than a model to represent the actual occupant decision-making 
process.
This behaviour is based on the assumption that the occupant is in visual contact with the 
exit (see Section 5.4) and that the occupant is familiar with the particular exit (see 
Chapter 7). Therefore the occupant will be aware of the dimensions of the exit. Given 
that the occupant has an estimate for the size of the crowd, the rate of the crowd's 
movement through the exit and the exit size, a calculation can be made to determine the 
time for the crowd to clear (see equation (46)):
t = -^77 (46) w*f
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where is the time for the exit congestion to evaporate (in seconds), is the perceived
size of the population around the exit, is the width of the exit in metres and / is the 
estimated flow rate of the crowd, in persons/metre/second. Upon this estimate, decisions 
may be made which alter or maintain the present position or course of action. Once the 
occupant has an understanding of how long it will take for the crowd to exit, the 
occupant may crudely approximate their own evacuation time through a particular exit.
For instance, given that the occupant location is a distance, metres, from his target exit 
and that he is travelling at v m/s, his exit time, , can be approximated as being the 
time to cover this distance and the time for the congestion to evaporate around the target 
exit, such that
,,  (IN SECONDS) (47) 
w*/ v
This provides a rudimentary understanding of the time for the occupant to exit. 
Obviously other considerations can be taken into consideration, including the results of 
conflict resolution, the different terrain types, etc. however, given that this method is 
applied consistently between targets, it is deemed not to distort the potential evacuation 
times disproportionately.
The inclusion of such considerations, as well as a greater reference to more internal 
occupant attributes (such as drive, patience, etc.) is left for future work.
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5.6 OCCUPANT ATTRIBUTES AND INTERNAL DEVELOPMENTS: CONCLUDING REMARKS
The attributes and capabilities outlined in this chapter form building blocks for the 
subsequent behavioural developments (see Table 5-1). Their implementation is therefore 
a vital component in any future behavioural advancement of the buildingEXODUS 
model. Their modular format is intentional, allowing their re-use and recombination into 
more complex and more flexible behavioural capabilities. This will facilitate a more 
sophisticated representation of occupant behaviour.
TABLE 5-1: SUMMARY OF THE BEHAVIOURAL DEVELOPMENTS IN THIS CHAPTER.
Section
5.2
5.3
5.4
5.5
Development
Social Relationship
Occupant Authority
Line of Sight
Crowd Analysis
Description
Enables representation of social groups
Enables representation of social hierarchies
Enables perception of information
Enables calculation of crowd evaporation.
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CHAPTER 6 ENVIRONMENTAL EFFECTS AS DISTURBANCES
In this section the impact of the proposed features can be directly examined and tested,
rather than being restricted to a purely descriptive analysis, as in Chapter 5. These 
features are generally reliant upon the occupant population receiving and reacting to new 
forms of information. These features are relatively simple although they may have a 
significant impact upon the evacuation results generated. Most importantly, the 
introduction of the influences examined in this section enables the behaviour of the 
occupants to be more contextual, relating to the event around him, rather than being 
globally applied or assumed.
Where this introduction is reliant upon the unvalidated attributes in the previous section, 
references will be made. These features include:
- 6.1. THE OCCUPANT ABILITY TO NAVIGATE ACCORDING TO PROXIMITY TO THE 
ENCLOSURE
- 6.2. THE IMPACT OF THE SURROUNDING POPULATION DENSITY UPON ROUTE 
ADOPTION
- 6.3. THE DEVELOPMENT OF MECHANISMS TO DELAY OCCUPANTS ONCE THE 
EVACUATION HAS COMMENCED
6.1 THE OCCUPANT ABILITY TO NAVIGATE ACCORDING TO PROXIMITY TO THE
ENCLOSURE
6.1.1 EXPECTED OCCUPANT BEHAVIOUR
A vast amount of existing evidence suggests that occupant movement is conducted in
respect to the surrounding geometry of the enclosure and that the bulk of occupant 
movement is conducted in a central segment of the floor-space. [56,66,177] The most 
influential of these works being that of Pauls [66,177] who identified that the 
of corridors and passageways as being approximately 0.3m less than the 
such that
(48) 
where is the effective width and is the actual width of the corridor (see Section
2.6.6, Chapter 2).
Fruin also identified a similar measure to represent the expected distance between 
occupant and the enclosure boundary, calculated as being between 1-1.5ft (0.305- 
0.457m). This distance was claimed to change according to the circumstances in which 
the occupant was situated. For instance, it might increase to 3ft (0.914m) whilst
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occupants are window-shopping. These figures were then used by Fruin to formulate a
generalised model of occupant movement.
The importance of the occupant's proximity to the enclosure boundary may depend on a 
number of factors that are external to the occupant (terrain, population density, clarity of 
signage, etc) or may be internal and as such may involve dynamic calculations relating to 
the external factors highlighted. Obviously in some situations, given the physical 
description of the geometry and the existence of environmental impediments, the 
occupants will be compelled to adopt a position in close proximity to the enclosure 
boundary, irrespective of their wishes. Therefore the calculation of the occupant's 
position is based on and 
6.1.2 PRESENT BUiLDiNGEXODUS IMPLEMENTATION.
At present, in contrast to the evidence presented, the simulated occupant within the 
buildingEXODUS model makes navigational calculations without making reference to 
their proximity to the enclosure wall (see Figure 6-1). Although some space can be 
claimed to be maintained between the occupant and the enclosure wall, given that the 
nodal width is 0.5m and that the average occupant width is smaller [151], this distance 
would not generally be in the region of 0.3m.
FIGURE 6-1: SIMPLE EXAMPLE DEMONSTRATING THAT IN THE PRESENT MODEL THAT THE OCCUPANT 
MIGHT ADHERE TO THE STRUCTURE BOUNDARY IRRESPECTIVE OF THE AVAILABILITY OF SPACE.
The experienced user, through the implementation of OBSTACLE nodes (see Section 3.1, 
Chapter 3) around the boundary of the enclosure [24], can approximate the relationship 
between the occupant and the enclosure boundary described. These nodes are less 
favoured by the occupants and will be avoided if another option exists. If OBSTACLE 
nodes are encountered by an occupant they will hinder occupant movement by reducing 
occupant speed. However, this implementation becomes tiresome when complex 
geometries are involved, where the number of adjustments may be vast and are also 
interpreted identically irrespective of the environmental and physical conditions. They 
are also treated by the occupant population in exactly the same manner, irrespective of 
the conditions or the occupant's experiences.
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6.1.3 PROPOSED BEHAVIOURAL MODIFICATION
The algorithm suggested accounts for the occupant attempting to maintain a distance 
between himself and the enclosure. It achieves this by allowing the occupant to examine 
a location within the enclosure and make a decision of movement according to the 
locations proximity to the boundary. The implementation of this development within 
buildingEXODUS allows the simulated occupant to impose an internal bias against 
moving towards the geometry boundary, without forcing the user to individually identify 
the nodes.
The method involves the occupant the environment and making decisions 
according to the of the nodes available; representing the number of options 
available to the occupant situated at the location in question. The likelihood of the 
occupant selecting a node to be their next location is dependent upon the occupant's 
interpretation of its connectivity.
Implicit within the proposed algorithm is the assumption that 
This is an implementational assumption, 
although one that is borne out through examining the meshing algorithm used in the 
buildingEXODUS model [24]. (Obviously if this algorithm was to be used in other 
models, then the exact nature of the nodal mesh would have to be established.) Those 
nodal locations that are adjacent to the boundary of an enclosure will have a lower 
connectivity than those more centrally positioned and will therefore be deemed less 
attractive by the occupant.
The occupant's view of their surroundings is constantly updated, so that the occupant 
analyses their position in relation to the boundary during each movement calculation 
(every 1712th of a second). This method allows the changing environmental conditions to 
more readily be taken into account and therefore more accurately represent the individual 
reaction to the environment (see Figure 6-2). This is particularly important when the 
occupant is analysing the affect of their proximity to the enclosure boundary in concert 
in relation to other conditions such as the population density (see Section 6.2) and the 
environmental conditions (see Section 7.1, Chapter 7). Therefore the occupants 
appreciation of a situation is not solely governed by an individual factor.
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This method does not involve the reduction in the speed of the occupant in relation to 
their proximity to the boundary, although it would be a trivial matter for this effect to be 
introduced. This effect is omitted to simplify the behaviour and enable a more detailed 
understanding of the impact of its introduction. The maintenance of this behaviour 
would also have required some justification. It is thought that the effective narrowing of 
the geometry caused by the proposed behaviour is sufficient a consideration.
It is intended that this behaviour will be developed to include a dynamic representation 
of the occupant's travel speed. The exact nature of this reduction may not be linear or 
uniform across the occupant population, nor across the geometry. This is left for further 
work.
Is node sufficient
distance from an
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FIGURE 6-2: FLOW CHART REPRESENTING OCCUPANT REACTION TO BOUNDARY PROXIMITY.
The introduction of this algorithm into the buildingEXODUS model forces the occupant 
to consider the nature of the desired location prior to its adoption. The likelihood 
of occupying a nodal location will be biased according to its connectivity, i.e. the choice 
of a node will be biased in favour of those nodes that are more connected, reflecting their
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more central position within the geometry. Therefore the avoidance of such nodes, where
possible, reflects the occupants general propensity to avoid locations in close proximity 
to the enclosure boundary, as described in the previous sections.
v
FIGURE 6-3: PATHS THAT ARE ADOPTED BY AN OCCUPANT GIVEN THE PRESENT METHOD (WHITE LINE)
AND THE PROPOSED METHOD (BLACK LINE).
To prevent the possible absence of nodal options, the calculation in relation to nodal 
connectivity only affects those nodes that are to the occupant's target than their 
present location. The quality of a nodal location is proportional to its connectivity. 
Therefore, the lower the nodal connectivity, the lower the additional biasing will be. 
Given that and represent the three locations examined such that
' ' 
(49)
then the following relationship must be satisfied to allow the connectivity of the 
proposed node to be considered.
(50) 
where the Euclidean Norm , denoted by | || , represents the straight line distance
between the two points examined. Once this function is satisfied, the attractiveness of a 
nodal location, A,, is calculated according to
(51)
max
where ||<2-P|| 2 is the distance of the proposed node from the occupant's target exit, 
|jR - P|| 2 is the distance between the present node from the occupant's target exit, is an 
arbitrary internal constant reflecting the additional desirability of a position due to its
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connectivity, is the nodal connectivity and is the maximum nodal connectivity
(set to 8 within the buildingEXODUS model).
It is important to integrate this algorithm into the system with other elements of the 
behavioural model, such as the effect of the population density (see Section 6.2 ) and the 
environmental conditions (see Chapters 7 and 8). As mentioned previously, all of these 
proposed systems require the individual to constantly interact with the environment, 
receiving information and interpreting this information individually. During conditions 
of high population density or smoke, the unattractiveness of the nodes calculated as 
being close to the boundary may be ignored or become dominated by other conditions. 
Therefore although still an important factor the impact of the occupant's position in 
relation to the boundary is given a lower priority than these other conditions.
6.1.4 VERIFICATION
Hypothetical and real-life cases will be examined to demonstrate the qualitative 
improvements that can be gained through the implementation of the behaviour, 
especially involving individual geometrical cases (see Table 6-1). This involves
- 6.1.41 Examining the impact upon simplistic structures of relatively low population 
density
- 6.1.42 Observing the impact upon more complex validation cases such as the 
Tsukuba Pavilion evacuation in Chapter 4. The scenarios generated during this case 
allow examination of high and low-density situations as well as examining the 
interaction of the algorithm with a variety of terrain types.
These cases should both demonstrate the quantitative and qualitative impact of the 
proposed behaviour as well as highlighting any potential shortcomings.
TABLE 6-1: VALIDATION CONDITIONS
Scenario
6.1.41
6.1.42
Geometry
Hypothetical 20m x 5 m, 
single free flow exit 1 .5m
Tsukuba (see Chapter 4)
Population
120 default occupants, instant response, randomly 
located
500 occupants, instant response, positioned in 
seating arrangement
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CASE 6.1.41
A hypothetical geometry with a low-density population movement is 
examined. The geometry is filled with 120 occupants that generates an average 
population density of 1.2 p/m2, within the geometry of 20m x 5m. A single exit of 1.5m 
in width is provided, towards which all of the occupants move. The occupants are 
generated using the Population Panel system (see Section 3.1, Chapter 3), generating a 
distribution of occupant attributes. However, to maximise the possible influence of the 
proposed behaviour, all of the occupants respond instantly.
This hypothetical verification investigates the results produced through the use of the 
present model in scenario 6.1.411 and the differences that might be produced through the 
introduction of the proposed behaviour in scenario 6.1.412. The simplicity of the 
geometry is intentional to minimise any uncontrolled variables within the simulation.
RESULTS- CASE 6.1.41
There was no anomalous behaviour encountered during the simulations in case 6.1.41. 
This would have included unrealistic path adoption or the absence of route options 
outlined earlier and the subsequent locking of occupant movement that would have 
ensued. This is demonstrated through examining the shape and similarities of the 
evacuation curves described in Figure 6-4. These would be expected to show significant 
differences in shape or position if anomalies had occurred.
FIGURE 6-4: AVERAGE CUMULATIVE ARRIVAL GRAPHS GENERATED FOR 6.1.41.
The quantitative results generated during this validation provide evidence that 
under the low-density conditions examined (see Table 6-2). 
Indeed, the discrepancy produced through the introduction of the proposed model over 
the present behavioural model is only 3.8%. This was due to the effective narrowing of
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the geometry, as the nodes in close proximity to the boundary were, where possible,
avoided by the occupant population. As well as the average evacuation time produced 
being similar, a similar evacuation time distribution is also produced (see Table 6-2)
TABLE 6-2: OVERALL EVACUATION TIMES GENERATED IN 6.1.1, WHILST IMPLEMENTING THE
DIFFERENT BEHAVIOURAL MODELS.
Behavioural Model
Present 6. 1.4 11
Proposed 6. 1.4 12
Evacuation times (sees)
37.8 
[36.1-40.3]
39.3 
[37.4-40.3]
The impact of the boundary effect is not seen to dominate the other considerations of the 
model, such as the resolution of conflicts. 
CASE 6.1.42 THE TSUKUBA PAVILION CASE
The Tsukuba Pavilion Population Movement [194] is presented to examine a more 
complex geometry and the occupant's interaction with the enclosure boundary under 
such conditions. Due to the more complex nature of the geometry, the conditions that the 
occupant's experience will fluctuate allowing a more general set of results to be 
established (see Figure 6-5).
!5! 
ill
FIGURE 6-5: THE TSUKUBA PAVILION GEOMETRY.
However, the case involved a number of external influences (including inclement 
weather conditions [194]) and omissions from the original data-set (e.g. occupant 
response times [194]). This is discussed in detail in Chapter 4. In an attempt not to mask 
any inaccuracies that may occur due to the introduction of the proposed behaviour, the 
weather conditions that were present during the original event are not simulated. 
Therefore, in scenarios 6.1.421-6.1.422, no attempt is made to restrict the flow through
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the external exit, in an attempt to represent the weather conditions. In scenario 6.1.421,
the results of the present model are provided to create a control case. In scenario 6.1.422 
the proposed algorithm will be used to simulate the same conditions. (See Section 4.3, 
Chapter 4 for more details on the original simulations).
TABLE 6-3: DIFFERENT SCENARIOS EXAMINED IN CASE Bl.3
Scenario
6.1.421
6.1.422
Behavioural model
Present
Proposed
External Conditions
Ignored
Ignored
Response Times 
(sees)
0, 0-90
0, 0-90
In both cases the response time distributions were varied between 0 and 0-90 seconds. 
This varies the level of congestion around the single exit and the congestion to 
the exit. For further analysis and explanation of this case, see Chapter 4.
RESULTS-CASE 6.1.42
The introduction of the wall proximity algorithm in 6.1.422 increases the overall 
evacuation times by 6.8% over the values produced by the present implementation in 
scenario 6.1.421 (see Table 6-4).
TABLE 6-4: THE RESULTS FROM THE TSUKUBA PAVILION, FREE FLOW
Scenario
6.1.421
6.1.422
Instant response
95 
[92-97]
105 
[104-105]
0-90 second response
144 
[143-147]
150 
[149-151]
This additional delay is caused by the constriction of the path between obstacles, forming 
narrower bottlenecks, through which the occupants had to pass. As expected, the results 
that are produced as the distribution of response times increases, due to the 
lower levels of congestion generated at the exit and the subsequent access of the floor- 
space. The increase in the evacuation times produced by the introduction of the proposed 
behaviour then falls to 3.8% (Scenario 6.1.422) (see Table 6-4).
The introduction of the proposed method did, however, demonstrate a qualitative 
improvement over the present method (see Figure 6-6), with the occupants maintaining a 
distance from the enclosure boundaries where possible. In the present model, the 
occupants are encouraged to maintain a path in close proximity to the boundary of the 
enclosure, given the positioning of the exit. Unless they reduce the distance to the
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occupant's target, the appearance of more central locations will have no effect upon the
route available choice.
tm IB »
us
(b) Proposed
FIGURE 6-6: THE TENDENCY FOR THE OCCUPANTS TO VEER CLEAR OF THE EXIT BOUNDARY CAN BE 
OBSERVED IN (B). IN (A) NO ATTEMPT IS MADE TO OCCUPY THE CENTRAL RAFT OF THE CORRIDOR.
As can be seen from Figure 6-6 the qualitative changes are especially noticeable at low 
population densities where the option to select a location further away from the 
enclosure boundary is evident. 
FUTURE WORK
A useful development would be to incorporate the occupant reaction to different forms 
of obstacles, such as furniture, walls, etc. and the impact that this had upon the occupant 
evacuation route. This would allow the occupant to maintain different distances 
according to the evidence provided by Fruin, Pauls [56,66,177],
It is also difficult to know the thresholds at which the occupant reaction to the boundary 
alters from being one of avoidance (under regular conditions, such as during daily use) to 
one of attraction (under more extreme conditions, such as smoke-filled environments 
[9]). A more realistic representation would require further analysis of the limited data 
available.
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6.1.6 CONCLUSION
It is essential for the occupant to adjust their egress route according to the obstacle posed 
by the enclosure. To be consistent this should be applied at the macro level (long-term 
route adaptation), as well as at the micro level (maintaining distance from boundary 
surfaces). The long-term consideration is substantially catered for in the existing model 
(see Chapter 3) through the provision of the potential map system. Therefore the 
proposed behaviour is concerned with the short-term proximity considerations.
This process has been shown to adequately represent the ability of the occupant to 
analyse their path and maintain a distance based on the evidence available, without 
generating unforeseen occupant behaviour or anomalies in the simulation process.
The introduction is flexible enough to allow the occupant to adapt their route and 
therefore make choices upon their location according to the exact nature of their 
circumstances. It has been demonstrated that under certain conditions (for instance, a 
high-density population) the occupant may be forced into close proximity with the 
enclosure boundary. This option should always remain open to them.
Some differences were noticed in the quantitative results produced, especially under 
these high-density conditions. This is due to the effective narrowing of the enclosure and 
the subsequent increase in conflict resolution. However, the proposed behaviour 
introduces differences into the occupant's navigational procedure that are 
dependent upon the surrounding conditions. These conditions will fluctuate according to 
the location and movement of individual occupants. This is important as any 
representation of occupant calculation that had a global effect would be inconsistent with 
the evidence available.
6.2. THE IMPACT OF THE SURROUNDING POPULATION DENSITY UPON ROUTE ADOPTION 
6.2.1EXPECTED OCCUPANT BEHAVIOUR
Mills comments that
The importance of this definition is that it refers not only to the physical imposition of
high-density populations but on the ability of the occupant to perceive such
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circumstances. In terms of evacuation, this occurrence might be directly related to the
interruption of the occupant's egress route due to the close proximity of other occupants 
[1,66] as well as affecting route adoption.
Fruin found that occupant movement was directly related to the space available around 
each occupant [66]. Depending on the circumstances, the occupant expected different 
levels of space in which to move and adapted their movement patterns accordingly. He 
noted that, if possible, occupants attempted to maintain a around 
themselves that allowed free movement and did not infringe upon what might be defined 
as the occupant's [66] (see Figure 6-7). 
.During this process, 
the occupant also attempts to maintain the zones identified by Fruin in their desire to 
move freely (see Figure 6-7).
FIGURE 6-7: REPRESENTATION OF THE COMFORT ZONE DESCRIBED BY FRUIN [66] 
The impact of the population is not purely physical. As noted by Stokols,
Therefore the navigation procedure employed by the occupants will not simply be 
concerned with their ability to manoeuvre in relation to the other occupants, but will also 
take into account the psychological needs of the occupants involved.
The occupant therefore will react to the presence of other occupants when they are in 
close proximity and when they are impinging upon their ability to move to a desired 
location.
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6.2.2 PRESENT BUiLDiNGEXODUS IMPLEMENTATION
At present, occupant movement is only affected by other adjacent occupants who act 
strictly as physical barriers. This not only allows the high-density populations to adhere 
to the potential map, but also, in less dense populations, allows evacuating occupants to 
approach slower/static occupants very closely, prior to overtaking them.
6.2.3 PROPOSED BEHAVIOURAL MODIFICATIONS
The method suggested to represent the behaviour described is the implementation of a 
localised This calculates the of the location available to the 
occupant according to the distance of the occupant from their target and the population 
density of the target location and its surrounding area .
This should not be confused with the use of density-flow calculations used in some of 
the more simplistic evacuation models outlined in Chapter 3. In the proposed behaviour, 
the population density occupant speed, whereas in these models population 
density occupant speed.
In the proposed algorithm only those locations that are closer to the eventual goal of the 
occupant are included in the population calculation (as in Section 6.1). In keeping with 
the rest of the buildingEXODUS model, occupants do not continually attempt to move 
away from a target to lower their population density. This is demonstrated in Figure 6-8, 
where the nodes given a thick border will be those considered in the calculation (those 
that are hatched might be considered according to the distance calculation). It would be a 
trivial matter to extend this behaviour to include all of the surrounding nodes but would 
require extensive testing and is therefore left for future work.
FIGURE 6-8: PROPENSITY OF THE OCCUPANT TO MOVE AWAY FROM A MORE CROWDED REGION OF THE 
GEOMETRY. ANALYSIS CONCERNS NODES WITH DARK EDGE AND POSSIBLY THOSE HASHED.
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Within the buildingEXODUS model, the node's potential is increased inversely with the
population density recorded at each node. Therefore given that and represent the 
three locations examined such that
' ~ \- Xexit ' J' *£ ~~ ' ^f J» = ' ^ -I '^'
then the following relationship must be satisfied to allow the connectivity of the 
proposed node to be considered.
(53)
representing the locations of the proposed node and present nodes in relation to the target 
exit. Once satisfied, the attractiveness of the nodal location according to the population 
density is calculated as being
A,. = ) + (A - , where 0<Pi<l (54)
Amax
where A, is the attractiveness of the node in question, ||G -q| 2 is the distance to the 
target exit from the target node, is the distance to the target exit from the 
present node, /?, is the population density of the node, is the maximum density 
achievable at that nodal position and A is an arbitrary internal constant representing the 
additional desirability of a position due to its low population density.
The population density is calculated according to
  ^  (55)
which determines the number of occupants situated on the node presently occupied 
(node j) plus the number of occupants on the adjacent nodes. This is then divided by the 
total number of nodes involved in the calculation. The density will always be greater 
than zero as the occupant determining the population density is included in this figure. 
In the present model a similar attractiveness calculation is made, except that no reference 
is made to the population density, such that
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(56)
Therefore the remaining distance to the exit from each of the nodal locations available, 
strictly controls the occupant movement. It should be remembered that in both cases the 
value of individual nodes has no intrinsic value other than as a comparison against 
other nodes.
The population density is only a factor during the traversal of particular terrain types. For 
instance, on a stairwell or in seated arrangements, the exact population density may not 
be as great a consideration as in a more conventional terrain, where it would have more 
of an effect (see Figure 6-8). The proposed behaviour is only considered if the occupant 
is located on a horizontal empty surface, instead of a stairwell, seat, etc.
This calculation is discarded as the occupant approaches an exit. This provision is again 
included to prevent unnecessary and inappropriate occupant diversions away from their 
intended target, where the occupant's desire to exit the enclosure would supersede any 
reticence that the occupant may have in crowding. Therefore the results of the 
calculation are not included once the occupant is within 2.5m of the exit, allowing the 
occupant sufficient time to readjust their path towards the desired exit (this distance was 
chosen in line with existing buildingEXODUS thresholds [24]).
calculate bias,adjust 
desirability according 
to population density
adjust attractiveness
of node with 
additional biasing
FIGURE 6-9: FLOW CHART REPRESENTING OCCUPANT REACTION TO POPULATION DENSITY
The importance of the imposition of the population density as a factor in route 
calculation reflects an important point that is evident throughout this dissertation and
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which is a fundamental principle in the buildingEXODUS models. A number of models
(see Chapter 3) determine occupant speed according to the flow rate calculations from 
the density of the occupant population. The proposed algorithm and the 
buildingEXODUS model, assume that calculations are made at an individual level rather 
than being calculated according to macroscopic structures.
As well as this theoretical assumption, buildingEXODUS relies upon the resolution of 
conflicts between individual occupant vying for particular locations. Conflicts reduce the 
effective travel speeds of the occupant by providing small delay periods in their progress. 
The extent and number of these delays are dependent upon the motivation of the 
occupant involved (see Section 3.1, Chapter 3 and Chapter 4). Through the inclusion of 
the behaviour outlined in this section, not only are the occupants in conflict over 
particular locations, but are also attempting to minimise the number of conflicts arising, 
allowing for occupants to adapt their paths according to the availability of alternative 
routes. Although the occupants may travel an increased distance in attempting to reduce 
population density, this will be compensated for in the reduced number of conflicts 
experienced. These alternatives are truly short-term and the occupants will return to their 
'optimal' path as soon as is practicable.
6.2.4 VERIFICATION
Similar to the effect of the proximity of the enclosure boundary (see Section 6.1), the 
proposed behaviour should be tested at low and high population densities and in a 
number of different scenario types. The cases are therefore designed to examine
- 6.2.41 The impact of the algorithm upon low-density populations, particularly 
examining the qualitative impact upon occupant path adoption where space is 
available
- 6.2.42 The consequences of the occupant population attempting to maximise their 
space given high-density conditions. These will then be compared against actual 
experimental data derived from the Stapelfeldt case (see Section 4.1, Chapter 4).
- 6.2.43 The introduction of the algorithm into a more complex environment that 
allows comparison with Tsukuba Pavilion results [194]. This allows the algorithm to 
operate under varying conditions.
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CASE 6.2.41
RESULTS-6.2.41
Table 6-6 
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CASE 6.2.42
RESULTS- 6.2.42
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6-13: 
CASE 6.2.43
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REPRESENTED WHEREAS THE PROPOSED MODEL IS REPRESENTED IN (B).
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6.3.4 VERIFICATION
TABLE 6-10: VALIDATION CASES USED TO DEMONSTRATE THE IMPACT OF THE INTRODUCTION OF THE
DELAY NODE.
CASE 6.3.41
FIGURE 6-20: GEOMETRY USED IN THE VALIDATION OF THE DELAY NODES. THE DARK NODES 
REPRESENT THE DELAY NODES AS IMPLEMENTED IN 6.3.41.
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FIGURE 6-26: CUMULATIVE ARRIVAL CURVES FOR CASE 6.3.43
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FIGURE 7-2: FLOWCHART OF THE PROPOSED BEHAVIOUR.
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FIGURE 7-20: FLOW CHART OF PROPOSED REPRESENTATION OF OCCUPANT FAMILIARITY.
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that the 
occupant's identity, the identity of the surrounding population and the subsequent 
relationships between them significantly affected the decisions made and the actions 
adopted by the occupant population. 
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maintain their current position, 
redirect to another exit 






The 
occupant therefore assumes the worse possible scenario.
FIGURE 8-36: REPRESENTATION OF THE CALCULATION MADE BY THE OCCUPANT ONCE FACED BY
SMOKE
although deemed hazardous, 

{£.

All that can be achieved under the present circumstances is 
that the proposed behaviour produces trends that are consistent with the data 
available and that given this fact, it does so without producing anomalies. 

















9.2 THE NATURE OF THE DATA COLLECTED

















































ignore the influence of occupant behaviour. 

Modelling is a complex task that by its nature requires an interdisciplinary 
approach. 

However, all of the behavioural features examined 
produced notable results that enhanced the performance of the model in some 
manner. 
only 
However, it is contended that the inclusion of 
appropriately (and transparently) tested behavioural features increases the flexibility 
and functionality of the model through the more accurate modelling of occupant 
behaviour. 
egress as an optimal response, 
egress as a result of reflective analysis. 
The modelling process does not provide a natural conclusion to a piece of research.
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